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Human epidermal cells are capable of secreting
various cytokines with immunologic, inflammatory,
and proliferative properties. In a previous study, by
reverse transcription–polymerase chain reaction and
immunohistochemical analysis, we have shown that
human epidermal keratinocytes express macrophage
migration inhibitory factor and identified its presence
in the cytoplasm. In this study, we detected an
increased serum macrophage migration inhibitory
factor level by enzyme-linked immunosorbent assay
after a single total-body ultraviolet B exposure in vivo,
indicating that human keratinocytes respond and
release this cytokine in response to ultraviolet B
irradiation. Moreover, we evaluated the effect of
ultraviolet B on migration inhibitory factor produc-
The skin is an important physical barrier that protectsthe body from the damage caused by the outsideenvironment, including trauma, bacterial infection,and ultraviolet (UV) irradiation. As for the biologicmechanism, the skin is known to secrete a number
of cytokines that act as immunologic and inflammatory mediators
for self-defense. In particular, keratinocytes, which constitute the
majority of the cell mass of the epidermis, are a major source for
a wide array of these cytokines (Sauder et al, 1990). Indeed, there
is emerging evidence that keratinocytes participate in cutaneous
inflammatory reactions and immune responses by producing a
variety of cytokines. UV irradiation may trigger cutaneous inflam-
matory responses by stimulating epidermal keratinocytes to produce
biologically potent cytokines such as interleukin (IL)-1 (Kupper
et al, 1987; Ansel et al, 1988), IL-6 (Kirnbauer et al, 1991), and
tumour necrosis factor (TNF)-α (Ko¨ck et al, 1990). These cytokines
are involved not only in the mediation of local inflammatory
reactions within the epidermis, but also exert systemic effects
through entrance into the circulation.
In a previous study, we have shown by reverse transcriptase-
polymerase chain reaction (RT-PCR) and immunoblot analysis
that human epidermal keratinocytes express macrophage migration
inhibitory factor (MIF). Immunohistochemical study revealed that
MIF exists in human epidermis, especially in the basal layer (Shimizu
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tion in cultured human epidermal keratinocytes and
epidermal sheets. The results of enzyme-linked
immunosorbent assay and northern blot analyses
showed that migration inhibitory factor production of
cultured keratinocytes was increased by ultraviolet
B exposure. During the past few years, migration
inhibitory factor was found to have a variety of biologic
functions, such as being essential for T cell activation
and induction of inflammatory cytokines. In this con-
text, these results should encourage further investi-
gation on the pathophysiologic role of migration
inhibitory factor in cutaneous inflammatory reactions
and immune responses. Keywords: chemokines/immuno-
histochemistry/inflammation/northern blot/skin. J Invest
Dermatol 112:210–215, 1999
et al, 1996). This finding suggested the possibility that MIF regulates
epidermal immunity, inflammation, and cellular differentiation.
Human MIF cDNA was first cloned from activated T cells,
demonstrating that this protein consists of 114 amino acid residues
(Weiser et al, 1989). Following this finding various novel properties
of MIF have been elucidated. It was reported that MIF is mainly
expressed in T lymphocytes and macrophages; however, recent
studies have revealed that this protein is ubiquitously expressed in
various cells (Lanahan et al, 1992; Wistow et al, 1993; Onodera
et al, 1995; Imamura et al, 1996; Suzuki et al, 1996). To date, MIF
is known to respond to stimuli such as wounds and infection and
is considered to contribute to regulation of inflammatory and
immunologic responses to such tissue damage (Bernhagen et al,
1993; Calandra et al, 1994). Recently, it was reported that endotoxin
administration induced expression of MIF protein and mRNA in
various tissues of the rat (Bacher et al, 1997).
As for the environmental effects on the skin, the most relevant
physical injury to human skin is UVB radiation. MIF produced by
keratinocytes may be profoundly involved in cutaneous inflammat-
ory responses; however, the precise pathophysiologic function of
MIF in the skin still remains unclear. UVB radiation constitutes
one of the most important physiologic modulators of inflammatory
and immunologic processes in human skin. We, therefore, examined
the production of MIF induced in keratinocytes by UVB in vivo
and in vitro to evaluate its pathophysiologic role.
MATERIALS AND METHODS
Materials The following materials were obtained from commercial
sources. Isogen RNA extraction kit from Nippon Gene (Tokyo, Japan);
nylon membrane filters from Schleicher and Schunell (Dassel, Germany);
horseradish-peroxidase–conjugated-goat-anti-rabbit-antibody from Pierce
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(Rockford, IL); dispase from Boehringer (Mannheim, Germany); Vector
ABC Kit from Vector Laboratories (Burlingame, CA); Tissue-Tek OCT
Compound from Miles Scientific (Elkhart, Naperville, IL); random primer
DNA labeling kit from Takara (Kyoto, Japan); [α-32P]-dCTP from Du
Pont NEN (Boston, MA), and Protein A Sepharose from Pharmacia
(Uppsala, Sweden). All other chemicals were of reagent grade.
Cell culture Cultured normal human keratinocytes (second passage)
were obtained from Kurabou (Osaka, Japan). The cultures were fed
on glass coverslips in a medium of serum-free modified MCDB 153,
supplemented with hydrocortisone (0.5 µg per ml), insulin (5 µg per ml),
epidermal growth factor (10 ng per ml), bovine pituitary extracts (150 µg
per ml), and calcium (0.15 mM). The keratinocytes were grown in a
humidified atmosphere under 5% CO2 at 37°C. The tertiary cultured cells
were harvested at 70%–80% confluence for assay of MIF or TNF-α, or
for northern blot analysis. For some experiments, a three-dimensional
model of human epidermal keratinocytes (EpiDerm; Kurabou, Osaka,
Japan) was used. This model consists of normal human-derived epidermal
keratinocytes, grown on permeable cell culture inserts to have the potential
to form multilayered and highly differentiated keratinocytes (Cannon
et al, 1994).
Human skin Human skin of a normal volunteer on no medication for
at least 2 wk before this study was surgically obtained with informed
consent. The epidermis was separated from the dermis by incubation in
0.5% dispase in RPMI-1640 at 37°C for 1 h. The skin and epidermal
sheets (10 mm2) were used for UVB irradiation study.
UVB radiation The UVB light source was a FL20SE30 fluorescent
lamp (Clinical Supply, Tokyo, Japan) that emitted 1.0 mW per cm2 of UV
between 280 and 370 nm (peak 305 nm) at a distance of 25 cm, which
was determined by UV radiometer (Torex, Tokyo, Japan). Tissues and
keratinocytes (70%–80% confluent) were washed with phosphate-buffered
saline, suspended in Hank’s buffer, and subjected to UVB irradiation. The
duration of UV irradiation delivered to cells was changed by sliding a
plastic lid covered with aluminum foil on to a flat-bottom 6 well plate.
After irradiation, they were cultured in RPMI-1640 with 10% fetal bovine
serum at 37°C. Control samples were mock irradiated and maintained in
the same culture conditions as UVB-irradiated specimens.
In vivo exposure to UVB radiation After obtaining informed consent,
human male volunteers (n 5 5; mean age, 25.5 y) were exposed to a
single total-body UVB exposure equivalent to four minimal erythema
doses (240–280 mJ per cm2). Blood was drawn from the antecubital vein
before and after UVB irradiation at 1, 6, 12, 24, 48, and 72 h.
Northern blot analysis Total RNA from the cultured keratinocytes
were extracted and separated by electrophoresis on agarose gels containing
0.6 M formaldehyde, and blotted on to nylon membrane filters. Hybridiza-
tion was carried out with the coding region of a human MIF cDNA
probe, radiolabeled by [α-32P]-dCTP using a random primer DNA labeling
kit. In brief, the hybridization was performed in a solution containing the
radiolabeled cDNA probe, 50% formamide, 0.75 M NaCl, 1% sodium
dodecyl sulfate, 20 mM Tris–HCl (pH 7.5), 2.5 mM ethylenediamine
tetraacetic acid, 0.5 3 Denhardt’s solution (1 3 Denhardt’s; 0.2% BSA,
0.2% polyvinylpyrolidone, 0.2% Ficoll) and 10% dextran sulfate at 42°C
for 16 h. After hybridization the filters were washed with 0.2 3 standard
saline citrate (1 3 standard saline citrate; 0.15 M NaCl, 0.015 M
sodium citrate, 0.1% sodium dodecyl sulfate) at 65°C and subjected to
autoradiographic analysis. The same filters were washed and probed with the
coding region of radiolabeled glyceraldehyde-3-phosphate dehydrogenase
cDNA as an internal control. Hybridization signals were digitized and
quantitated with an MCID Image Analyzer (Fuji Film, Japan). Background
values were determined from equivalent surface areas near each hybridiza-
tion signal and were subtracted from each value before normalization.
Immunohistochemistry After 12 h, UVB-treated human skin samples
and sham-irradiated control skin, were immediately embedded in Tissue-
Tek OCT Compound, snap frozen in liquid nitrogen and stored at –80°C.
The frozen embedded tissues were cut into 4 µm thick sections which
were then fixed in acetone for 10 min at room temperature. They were
stained with an avidin–biotin–peroxidase complex procedure using a Vector
ABC Kit according to the manufacturer’s protocol. In brief, the sections
were incubated overnight at 4°C with an anti-human MIF antibody or
nonimmune rabbit IgG as a control. After three washes with phosphate-
buffered saline, the samples were reacted with biotinylated goat anti-rabbit
IgG and avidin–biotin complex at room temperature for 30 min. The
Figure 1. Concentration-dependent effects of UVB radiation on
MIF and TNF-a production by cultured human keratinocytes.
Keratinocytes were treated with UVB radiation and cultured for 48 h.
MIF (A) and TNF-α (B) in culture media were measured by ELISA as
described in Materials and Methods. The values are the mean 6 SD of three
different experiments.
reaction was developed in 3,39-diaminobenzidine tetrahydrochloride con-
taining hydrogen peroxide (0.01%), and the tissue samples were mounted
with alkylacrylates.
Assay for MIF and TNF-a To examine the concentration of MIF
from cultured keratinocytes or epidermal sheets, supernatants of culture
dishes for each cell or sheet were examined using an MIF ELISA system
essentially as described previously (Matsuda et al, 1996). TNF-α content
of epidermal cell culture supernatants was measured with a TNF-α ELISA
kit (Genzyme, Cambridge, MA) according to the manufacturer’s protocol.
Cell viability Cell viability was determined by the CellTiter 96 AQueous
nonradioactive cell proliferation assay (Promega, Madison, WI). Twenty
microliters of a mixture of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2H-tetrazolium] (2 ml) and PMS (phenazine
methosulfate) (100 µl) was added to each well and the plate was incubated
for 3 h at 37°C. Absorbance was measured at 490 nm with correction at
630 nm by an ELISA plate reader (MTP-100, Corona, Katsuta, Japan).
Statistics Statistical analysis between groups was carried out using
Student’s t test.
RESULTS
In vitro UVB exposure At 24 and 48 h after UVB irradiation,
a significant decrease of viability was observed only after more than
100 mJ per cm2 UVB irradiation (data not shown). To examine
the release of MIF caused by UVB exposure, we irradiated the
cultured keratinocytes with various amounts of UVB (0–125 mJ
per cm2). A significant increase of MIF secretion in the supernatants
of cultured keratinocytes was detected at 48 h after UVB radiation
in a concentration-dependent manner up to 100 mJ per cm2
(Fig 1A). Similarly, a significant increase of TNF-α release was
demonstrated after UVB radiation until 75 mJ per cm2 (Fig 1B).
Extracellular secretion of MIF was observed at 1 h after UVB
irradiation with 50 mJ per cm2, and increased in a time-dependent
manner up to 48 h (Fig 2A). On the other hand, the release of
TNF-α after UVB irradiation reached its maximum at 24 h
(Fig 2B). To examine in more detail whether UVB exposure could
induce MIF release from the multilayered epidermis, EpiDerm, a
three-dimensional epidermis with highly differentiated charac-
teristics, was exposed to 50 mJ per cm2 UVB irradiation through
the air–medium interface. The culture media of lower chambers
were obtained before and after UVB irradiation at 1, 6, 12, 24,
and 48 h. The results showed that MIF was readily released into
the medium from 1 h after the irradiation, and formed biphasic
maximal peaks at 6 and 48 h after the exposure (Fig 3).
MIF content in human epidermal sheet culture supernatants was
assessed before and after UVB irradiation. Significant amounts of
MIF were detected 12–24 h after 50 mJ per cm2 UVB irradiation,
44.2 6 6.0 and 108.5 6 12.5 ng per ml, respectively (Fig 4).
These results were confirmed by immunohistochemical analysis at
12 h after UVB irradiation. This revealed extensive positive staining
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Figure 2. The time-course study of MIF and TNF-a production
by cultured human keratinocytes by UVB irradiation. The culture
supernatants were collected at different times after stimulation by UVB
irradiation (50 mJ per cm2) and tested for MIF and TNF-α production.
(A) MIF contents with (d) and without (s) UVB. (B) TNF-α contents
with (j) and without (u) UVB. Results are expressed as mean 6 SD of
three different experiments.
Figure 3. Epiderm, a human three-dimensional epidermal model,
was exposed to 50 mJ per cm2 UVB irradiation. The culture
supernatants were obtained before and 1, 6, 12, 24, and 48 h after UVB
irradiation and their MIF contents were measured by ELISA as described
in Materials and Methods. MIF contents with (d) and without (s) UVB
irradiation. Results are expressed as mean 6 SD of three different
experiments.
of all the layers in the epidermis with the anti-MIF antibody
(Fig 5b). On the other hand, predominant staining was observed
mostly in the basal layer for sham-irradiated skin (Fig 5a) as
described previously (Shimizu et al, 1996). No specific positive
staining was observed when the tissue was reacted with nonimmune
rabbit IgG (data not shown).
To examine whether the induction of MIF by human epidermis
is regulated at the transcriptional level, the expression of MIF
mRNA in cultured keratinocytes was examined by northern
blot analysis after 50 mJ per cm2 UVB exposure. Keratinocytes
constitutively expressed MIF mRNA without exposure, and the
expression level was upregulated during 1–6 h by 1.4–2.1-fold in
comparison with the basal level (0 h) after the UVB exposure and
slightly decreased at 12 h (µ0.8-fold) (Fig 6). Following this, the
expression level was restored to the basal level during 24–48 h.
In vivo UVB exposure When serum MIF content was investi-
gated in human volunteers before and after UVB exposure (four
MED), minimal levels of MIF content could be detected before
irradiation (10.8 6 1.5 ng per ml). After UVB exposure, significantly
elevated serum MIF was detected at 48 h (58.1 6 20.6 ng per ml)
(Fig 7). MIF levels were biphasic after the UVB exposure, even
though there were some individual differences (Fig 8a–e). The
Figure 4. Stimulation of MIF production by UVB irradiation
derived from human epidermal sheets. Epidermal sheets were exposed
to UVB light (50 mJ per cm2). After 12 or 24 h incubation, MIF content
in the culture media was examined using MIF ELISA. The open and
shaded bars show MIF contents without and with UVB irradiation,
respectively. Results are expressed as mean 6 SD of three different
experiments.
Figure 5. Immunohistochemical analysis of MIF expression in
human skin. Human skin biopsies in the medium were sham-irradiated
(a), or UV-irradiated (50 mJ per cm2) (b), and incubated for 12 h. As a
control to exclude nonspecific staining, nonimmune rabbit IgG was used
as a control. Scale bar: 50 µm.
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Figure 6. MIF mRNA expression in cultured human keratinocytes.
Total RNA was isolated from cultured human keratinocytes before and
after UVB irradiation. Northern blot analysis was performed as described
in Materials and Methods. The time-courses of MIF mRNA expression after
UVB exposure of two different experiments (I and II) are shown.
Figure 7. Serum MIF content after UVB irradiation. Five healthy
volunteers were treated with a single total-body UVB exposure equivalent
to four minimal erythema doses (240–280 mJ per cm2). Serum MIF levels
were measured by MIF-specific ELISA as described in Materials and Methods
before (u) and 48 h after UVB treatment (r). Results are expressed as
mean 6 SD (n 5 5).
first peak was observed between 1 and 12 h after irradiation and
ranged from 15.1 to 82.8 ng per ml (early response). The second
peak of MIF content was observed at 12–48 h after UV irradiation
Figure 8. The time-courses of serum MIF content after UVB
exposure. Individual serum samples (a–e) were obtained before, and at
various intervals after UVB exposure.
and ranged from 24.1 and 132.6 ng per ml (late response) when
clinical signs of sunburn were clearly observed.
DISCUSSION
It has been reported that various cytokines play important parts in
the homeostasis of normal skin and in its pathologic states (Barker
et al, 1991). Release of cytokines by keratinocytes can be induced
by a number of environmental factors, including UV light, trauma,
and bacterial toxins. It is well recognized that excessive exposure
to sunlight results in a number of deleterious consequences such as
erythema and inflammation of the skin. Moreover, UV radiation
has a direct carcinogenic effect, which indicates that exposure to
sunlight can result in profound immunologic alterations (Scotto
et al, 1974).
There is increasing evidence that keratinocytes participate in
cutaneous immunologic and inflammatory reactions through
production of a variety of cytokines. To date, keratinocytes have
been shown to secrete several UVB-induced cytokines such as
IL-1, IL-3, IL-6, IL-10, IL-15, and TNF-α (Kupper et al, 1987;
Ansel et al, 1988; Oxholm et al, 1988; Ko¨ck et al, 1990; Gallo et al,
1991; Kirnbauer et al, 1991; Enk et al, 1993, 1995; Mohamadzadeh
et al, 1995). For example, TNF-α is an immunologically potent
cytokine regulating immunologic and inflammatory responses of
the skin (Oxholm et al, 1988; Ko¨ck et al, 1990), and TNF-α and
IL-10 released from keratinocytes subsequent to UVB exposure
may play a part in the induction of immunosuppression and
tolerance (Yoshikawa and Streilein, 1990; Enk et al, 1993; Shimizu
and Streilein, 1994).
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This study describes enhancement of MIF production in the
skin by UVB irradiation in vivo and in vitro. It is of interest that
two peaks of serum MIF content were observed after UVB exposure
in vivo. The first peak was observed at 1–12 h (early response) after
the exposure and the second peak at 12–48 h (late response). In
vitro, we carried out northern blot analysis to examine the effect of
UVB on the expression of MIF mRNA using cultured ker-
atinocytes, and observed upregulation of the MIF mRNA level
during 1–6 h after UVB exposure, but a slight decrease at 12 h.
Thereafter, the expression level recovered to the basal level during
24–48 h. It was reported that positive MIF immunostaining of
cultured pituitary cells disappeared after 16 h of incubation with
lipopolysaccharide (LPS) and, in contrast, MIF mRNA expression
was increased (Bernhagen et al, 1993). Similarly, intracellular MIF
of macrophages disappeared concomitant with the increase of MIF
in the culture medium in response to LPS (Calandra et al, 1994).
Consistent with these findings, we found an increase of MIF
content in the culture medium after UVB exposure. Based on
these facts, it is speculated that the major part of the increased
serum MIF content in the early response after UVB exposure
in vivo may correspond to the release of MIF protein from
keratinocytes.
On the other hand, the source of increased serum content MIF
in the late response has not been well defined. To date, it was
reported that intraperitoneal injection of LPS in rats induced the
systemic release of MIF from various tissues, from which intracellular
MIF transiently disappeared within 6 h after LPS challenge, and
reappeared at 24 h in various organs (Bacher et al, 1997). As
described above, expression of MIF mRNA in the cultured
keratinocytes was recovered during 24–48 h. According to these
facts, it is hypothesized that the major source of increased serum
MIF content in the late response after UVB exposure in vivo may
be not only keratinocytes, but also a variety of cells other than
keratinocytes as seen in the case of LPS stimulation.
We recently clarified that the MIF mRNA of the injured cornea
is upregulated at 6 h after injury, which shows that MIF is
associated with acute-phase wound healing (Matsuda et al, 1997).
Immunohistochemical analysis of the injured cornea showed
decreased positive staining by an anti-MIF antibody in the corneal
epithelium at 3 h after injury and the reappearance of positive
staining at 6 h after injury. These findings are consistent with the
present results on exposure of human skin to UVB in spite of some
chronologic differences. Hence, it is considered that MIF can be
released from various cells as a result of tissue damage, including
physical injury, endotoxin treatment, and UVB irradiation.
It was reported that MIF expression was induced by gluco-
corticoids (Calandra et al, 1995), which indicates that MIF is
able to initiate inflammatory reactions by suppressing the anti-
inflammatory action of glucocorticoids. It is hypothesized that the
‘‘hypothalamic–pituitary–adrenal axis (HPA)’’ operates in mamma-
lian skin, consisting of a locally generated corticotropin-releasing
hormone signal and of anterior pituitary proopiomelanocortin-
derived messages that activate glucocorticoid production (Slominski
and Mihm, 1996). In addition, this system could be attenuated
through feedback inhibition by cortisol. In this context, it is possible
that the MIF increase in serum after UVB irradiation might be
regulated by the HPA system.
The pathophysiologic function of MIF in the skin still remains
unclear. It has been reported that UVB irradiation stimulates the
production of TNF-α in human keratinocytes (Ko¨ck et al, 1990),
which is a critical event for cutaneous inflammation and immunity.
We found that MIF was released into the media of keratinocytes
and the multilayered epidermis as a result of TNF-α stimulation
(unpublished data). From the data available to date, it appears that
TNF-α upregulates MIF production of macrophages and various
types of cells (Calandra et al, 1994; Hirokawa et al, 1997; Lan et al,
1997), and MIF conversely induces production of TNF-α. From
these findings, it is suggested that TNF-α initiates MIF production
or vice versa in the epidermis exposed to UVB irradiation.
Finally, upregulation of serum MIF content after UVB exposure
in vivo does not exactly correlate with clinical features of skin
inflammation, which are seen from 12 to 24 h after UV irradiation.
Recently, MIF was reported to be essential for T cell activation
(Bacher et al, 1996), and an anti-MIF antibody could suppress
production of inflammatory cytokines, including TNF-α, IL-1β,
IL-6 (Calandra et al, 1995), and IL-8 (Donnelly et al, 1997). At
present, it is has been suggested that MIF functions as an initiator
of inflammatory reactions and immune responses by regulating the
production of a number of cytokines (Bucala, 1996). In this context,
increased production of MIF by UVB-treated keratinocytes is
considered to be an important event for inflammatory reaction and
immune responses in the skin. UVB is an important hazard to
humans, and a large number of epidemiologic and clinical observa-
tions strongly suggest the possibility that UVB radiation may have
effects on the human cutaneous immune system (Kripke, 1984;
Kupper, 1989, 1994). Thus, these results should encourage further
investigation on MIF as a new cytokine in cutaneous inflammation
and immune responses.
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